Abstract. We analyse the recently discovered phenomena in elastic protonproton scattering at the LHC: the low-|t| "break" (departure from the exponential behaviour of the diffraction cone), the accelerating rise with energy of the forward slope B(s), the absence of secondary dips and bumps on the cone and the role of the odderon in the forward phase of the amplitude, ρ(13 T eV) = 0.09 ± 0.01, especially its contribution at the dip region, measured recently by TOTEM. The dip at 13 TeV seems to become more shallow with respect to lower energies, and we attribute this important new phenomena to the odderon contribution. These findings call for a revision of the standeard Regge-pole theory.
Introduction
During the past seven years the TOTEM Collaboration produced a number of spectacular results on proton-proton elastic and total cross sections measured at the LHC in the range 2.76 ≤ √ s ≤ 13 TeV [1] . While the total, σ tot , integrated elastic, σ el and inelastic, σ in cross sections, in general follow the expectations and extrapolations from lower energies, several new, unexpected features were discovered in elastic scattering. These are:
1. low-|t| structure in dσ/dt (the "break") [2, 3] ; 2. absence of secondary dips/bumps in dσ/dt [3, 4] ; 3. further dynamics (deepening or filling-in?) of the dip; first results at 13 TeV, reported by TOTEM;
4. unexpected rapid rise of the forward slope B(s, 0)) [1] ; 5. surprisingly low value of the phase of the forward amplitude [3] . We analyze these phenomena within a Regge pole model and show that they call for a revision of the standard model based on a simple Regge pole (pomeron) lying on a linear trajectory with subsequent eikonalization.
In the present paper we analyze elastic proton-proton scattering with special emphasis on the above issues, discovered by TOTEM, partly confirmed also by ATLAS [5, 6] .
The dipole model and fits to the data
We present the dipole pomeron model (for a review see e.g. [7] ), main tool in our analysis, supplemented by preliminary fits to high-energy forward pp observables (elastic, inelastic and total cross sections). The DP pomeron model is the unique alternative to a simple pole, since higher order poles are not allowed by unitarity. Furthermore, the DP produces (logarithmically) rising cross sections even at unit intercept. The DP scales reproducing itself with respect to s-channel unitarity corrections. A particularly attractive feature of the DP is the built-in mechanism of the diffraction pattern: a single minimum appears, followed by a maximum in the differential cross section, confirmed by the experimental data in a wide span of energies.
The scattering amplitude is [8] :
Secondary reggeons are parametrized in a standard way, with linear Regge trajectories and exponential residua.
As already mentioned, the pomeron is a dipole in the j−plane
Since the first term in squared brackets determines the shape of the cone, one fixes
where G(α P ) is recovered by integration. Consequently the pomeron amplitude Eq.(2) may be rewritten in the following "geometrical" form (for details see [7] and references therein):
where
) and the pomeron trajectory:
The odderon contribution is assumed to be of the same form as that of the pomeron apart from different values of adjustable parameters (labeled by the subscript "O") and the negative charge parity.
In earlier versions of the DP, to avoid conflict with the Froissart bound, the intercept of the pomeron was fixed at α(0) = 1. However later it was realized that the logarithmic rise of the total cross sections provided by the DP may not be sufficient to meet the data, therefore a supercritical intercept was allowed for. From the fits to the data the value δ = α(0) − 1 ≈ 0.04, half of Landshoff's value [9] follows. This is understandable: the DP promotes half of the rising dynamics, thus moderating the departure from unitarity at the "Born" level (smaller unitarity corrections).
We use the norm where The parameter ρ(s), the ratio of the real and imaginary part of the forward scattering amplitude is
The free parameters of the model defined by the formulas Eqs.
(1-7) were fitted simultaneously to the following dataset:
• TOTEM 7 TeV elastic pp differential cross section data [4] in the region of 0.35 |t| 2.5 GeV 2 ;
• SPS 546 and 630 GeV elastic pp differential cross section data [10] in the region of 0.5 |t| 2.2 GeV 2 ;
• pp and pp total cross section and ρ parameter data [1, 3, 4, [11] [12] [13] [14] [15] in the region of 20 √ s 57000 GeV.
Total cross section, ρ-parameter and elastic slope
Fig . 1 shows the results of our fits to pp and pp total cross section data [1, [11] [12] [13] 15 ]. The widely discussed recent measurement of the phase ρ(13 T eV) = 0.09 ± 0.01 (or ρ(13 T eV) = 0.1 ± 0.01) [3] . This data point lies well below the expectations (extrapolations) from lower energies, although this should not be dramatized. The flexibility of the odderon parametrization leaves room for perfect fits to this data point simultaneously fitting the total cross section as (see below). More critical the inclusion of non-forward data, both for pp andpp especially around the dip region, to which the odderon is sensitive! Independent of theoretical interpretation, another, independent measurement of the phase is highly desirable. Fig . 2 shows the results of our fits to pp and pp total cross section data [3, 4, 12, 14] . Our model simultaneously can describe the new TOTEM measurement on the total cross section and the parameter-ρ, however only a few model does [3] . In Ref. [16] we managed to achieve similar good results by using simple pomeron and odderon poles. As we can see in Fig. 2 the case without the odderon (presented with the dotted line) does not give a description for the new 13 TeV data point. However the neglection of the oddereon has no significant effect for the description of the new TOTEM total cross section measurements.
The above calculations are intended to provide the ground for our study of the slope, to be presented in the next Section.
The slope is defined as
While in Regge-pole models the rise of the total cross sections is regulated by the hardness of the Regge pole (here, the pomeron), the slope B(s) in case of a single and simple Regge pole is always logarithmic. Deviation (acceleration) may arise from more complicated Regge singularities, the odderon and/or from unitarity corrections.
With the model and its fitted parameters in hand, we calculated the pp and pp elastic slope B(s) using Eq. 8. Result is shown in Fig. 3 . More detail from the slope given by Eq. (8) with the norm Eq. (6) and the amplitude Eq. (1) can be find in the Appendix.
By using the parametrization
we did a fit to the pp and pp elastic slope data in the energy region of 546 √ s 13000 GeV. Neglecting the lower, outlier 546 GeV data points the fitted values of parameters b 0 = 13.75, b 1 = −0.358, b 2 = 0.0379 and χ 2 /NDF = 1.97. Its result is also shown in Fig. 3 . To see better the effect of the odderon, the deviation of B(s) from its "canonical", logarithmic form, we show in Fig.4 its "normalized" shape, B(s)/(a ln(s/s 0 )) setting a = 1 GeV and s 0 = 1 GeV 2 . A similar approach was useful in studies [2, 16] of the fine structure (in t) of the diffraction cone.
In Fig.4 pp curve stars to increase from √ s ≈ 50 TeV which indicates that the slope stars to rise as ln 2 s. Only the dipole pomeron without the odderon (dotted curve in Fig.4 ) at the "Born" level, fitting data on elastic, inelastic and total cross section, does not reproduce the irregular behavior of the forward slope observed at the LHC. Remarkably, the inclusion of the odderon produces a ln 2 s behavior of the elastic slope B(s) beyond the LHC energy region. (1-6) using Eq. 8.
The "break"
The deviation from the linear exponential behavior was confirmed by recent measurements by the TOTEM Collaboration at the CERN LHC, first at 8 TeV (with a significance greater than 7σ) [2] and subsequently at 13 TeV [3] .
At the ISR the "break" was illustrated by plotting the local slope [17] 
for several t-bins at fixed values of s. At the LHC, the effect is of the same order of magnitude and is located near the same value of −t ≈ 0.1 GeV 2 . Different from the ISR the TOTEM quantifies the deviation from the exponential by normalizing the measured cross section to a linear exponential form [2, 3] .
The normalized form as used by TOTEM:
where dσ/dt re f = Ae Bt , with A and B are constants determined from a fit to the experimental data.
The observed "break" can be identified [18] with a two-pion exchange effect. As shown by Barut and Zwanziger [19] , t-channel unitarity constrains the Regge trajectories near the threshold, t → t 0 by Im α(t)
where t 0 is the lightest threshold, 4m 2 π in the case of the vacuum quantum numbers (pomeron or f meson). Since the asymptotic behavior of the trajectories is constrained by dual models with Mandelstam analyticity by square-root (modulus ln t):
[18] and references therein), for practical reasons it is convenient to approximate, for the region of t in question, the trajectory as a sum of square roots. Higher thresholds, indispensable in the trajectory, may be approximated by their power expansion, i.e. by a linear term, matching the threshold behavior with the asymptotic.
By using a simple Regge-pole model with two leading (pomeron and odderon) and two secondary reggeons, f and ω exchanges we have mapped the "break" fitted at the ISR onto the LHC TOTEM 8 and 13 TeV data. The model, the detailed results of fits and the parameters are presented in Ref [16] . In normalized form, Fig. 5 and Fig. 6 show our description to the "break" measured at 8 and 13 TeV. These results re-confirm the earlier finding that the "break" can be attributed the presence of two-pion branch cuts in the Regge parametrization. 
ISR+LHC13 fit
pp TOTEM Figure 6 . Normalized differential cross section R(t) calculated from low-|t| 13 TeV TOTEM data [3] using Eq. (11). This figure is from Ref. [16] .
In Ref [16] two further aspects of the phenomenon were investigated, namely: 1) to what extent is the "break" observed recently at the LHC a "recurrence" of that seen at the ISR (universality)? 2) what is the relative weight of the Regge residue (vertex) compared to the trajectory (propagator) in producing the "break"? We showed that the deviation from a linear exponential of the pp diffraction cone as seen at the ISR and at the LHC are of similar nature: they appear nearly at the same value of t ≈ −0.1 GeV 2 , have the same shape of comparable size, and may be fitted by similar t-dependent function. Furthermore we find that the Regge residue and the pomeron trajectory have nearly the same weight and importance.
The diffraction minimum and maximum (dip-bump)
The most sensitive (crucial) test for any model of elastic scattering is the well-known dipbump structure in the differential cross section. It was measured in a wide range of energies and squared momenta transfers. None of the existing models was able to predict the position and dynamics of the dip for (especially when both pp andpp data are included). The first LHC measurements (at 7 TeV) [4] clearly demonstrated their failure. Recently TOTEM made public [3] new, preliminary data on elastic differential cross section at highest LHC energy 13 TeV extending up to t = −3.5 GeV 2 . The main message from these data is that the second cone is smooth, structureless. This fact excludes most of the models, where the dip is created by unitarization resulting in interference between single and multiple scattering or, alternatively by eikonal) corrections, generating multiple diffraction minima and maxima.
Before going into details, let us remind that the present DP model predicts dσ/dt| min. ∼ 1/L, dσ/dt| max. ∼ L and consequently
where L = ln s, in the case of a single pomeron contribution.The addition of the odderon, due to its opposite sign destroys the dip in case ofpp scattering (degrading to a "shoulder" at the dip position). In pp the odderon contributes with the same sign as the pomeron and their overall result may depend on the details or the parametrization. We have performed a fit of the differential cross section in the dip region with both the pomeron and odderon.
The results of our fit using the model Eqs. (1)- (6) for pp and pp differential cross section data are shown in Fig. 7 . Next we study the energy dependence of the minimum and maximum of pp diffraction cone i.e. the behavior of (dσ el /dt) min (s), (dσ el /dt) max (s) and their ratio (dσ el /dt) max (s)/(dσ el /dt) min (s). The mentioned quantities were calculated numerically from the fitted model and they are plotted in Fig. 8 and Fig. 9 . At high energies ( √ s 500 GeV) in the dip-bump region the secondary reggeons can be neglected and thus here we investigate only the contributions of the pomeron and the odderon in the evolution of the minimum and maximum. Fig. 9 shows that in the ratio (dσ el /dt) max (s)/(dσ el /dt) min (s) the pomeron and the odderon components separately monotonically increase which means that both produce monotonically deepening minimum with increasing energy. However, the ratio (dσ el /dt) max (s)/(dσ el /dt) min (s) monotonically decreases in the case when both the pomeron and the odderon components are present. To summarize, our conclusion about the dynamics of the dip-bump structure at LHC energies is inconclusive. Further studies, both theoretical and experimental of this important and delicate phenomenon are necessary. (dσ el /dt) max /(dσ el /dt) min Figure 9 . Energy dependence of the ratio of the maximum and minimum of the pp diffraction cone calculated from the fitted model.
